Background The rise in prevalence rates of Type 2 Diabetes among Indians is well recognized. The research focus has been primarily to understand the changes in insulin sensitivity and beta cell dysfunction among Indians with Type 2 Diabetes. However, no data are available on the role of peripheral tissue, in particular intramyocellular lipid (IMCL) content and its impact on glucose homeostasis among Indians with prediabetes. Methods 28 male subjects (20-40 year) were studied. 13 with prediabetes (BMI ranging from 25.4 ± 2.9 kg/m 2 ) and 15 controls (BMI ranging from 24.6 ± 2.8 kg/m 2 ) were recruited. Body composition by dual energy X-ray absorptiometry (DXA), insulin sensitivity, insulin secretion rates were derived using the minimal model of C-peptide secretion and kinetics rates and skeletal muscle strength of the lower limb (quadriceps) was assessed using Isokinetic dynamometry. From muscle biopsy samples of the vastus lateralis, IMCL fat content (Oil red O staining) was determined. Results The prediabetes group were older compared to controls (P < 0.01), but had similar BMI. The muscle to fat ratio, plasma Insulin, C peptide, HOMA-IR and HOMA % B were also comparable between the groups. IMCL fat content (%) was significantly higher in the prediabetes group compared to controls (7.0 ± 0.7% vs. 2.0 ± 0.3%, P < 0.01). This difference persisted even after controlling for age. Overall the IMCL fat content (%) was positively and significantly associated with HbA1c (r = 0.76, P < 0.01). HOMA-IR was significantly correlated with central (android, trunk) adiposity (kg) (r = 0.71, P < 0.01) but not with IMCL (%). Conclusions This is the first direct evidence of existence of significantly higher lipid levels within skeletal muscle cells among normal and overweight young Indians with prediabetes. However, there was no association between IMCL and HOMA-IR among the prediabetes group.
Introduction
Asian Indians are said to have a greater propensity for a phenotype characterized by an excessive accumulation of fat, even with a normal body mass index (BMI) (kg/m 2 ), which has been termed "metabolically obese" [1, 2] . In turn, Asian Indians are thought to be at a greater risk of becoming profoundly insulin resistant; suggesting the possibility that insulin resistance in this population is related to adiposity [3] . Central adiposity (excess fat in the central regions of the body i.e., trunk, android fat) has been associated with insulin resistance [4, 5] . But the role of ectopic fat, an excess of adipose tissue in locations that are not classically associated with adipose tissue storage has not been explored among the Indian population, in particular in regard to lipid accumulation within skeletal muscle fibers (intramyocellular lipid content, IMCL). Several mechanisms have been proposed to explain the tendency for an individual to deposit adipose tissue in ectopic versus non-ectopic sites [6] . For example, it is possible that a positive energy balance could lead to an excess of free fatty acids, which are initially stored subcutaneously. Subsequently, free fatty acids shift to ectopic sites or non-adipose tissue such as the heart, skeletal muscle, as well as the vasculature, once the storage capacity of subcutaneous adipose tissue is exhausted [7] . Since this fat storage in non-adipose tissue is independent of more generalized adiposity, it is difficult to establish robust associations with insulin resistance [8] . This is particularly relevant among Indians, since the susceptibility to develop Type 2 Diabetes is increasing, despite the majority of the Indian population not being obese [9] [10] [11] .
A relationship between IMCL and insulin resistance, though demonstrated in Caucasians, has not been established among Asians with Type 2 Diabetes [12, 13] . In addition there is little information about IMCL among normal and overweight resident Indians, particularly those with prediabetes. While ectopic fat accumulation has been investigated in Indians with Type 2 Diabetes using magnetic resonance spectroscopy (MRS), there have been no reports of cellular lipid accumulation in skeletal muscle in this population [14, 15] . Therefore, in order to provide further insight into the mechanisms leading to Type 2 Diabetes among Indians, the present study aimed to undertake a histological and quantitative study of IMCL in the quadriceps muscle of normal and overweight Indians with prediabetes and to evaluate the association between glycemic control and IMCL in this population.
Methods

Participants
Twenty eight young adult males between the age of 20-40 year (13 newly diagnosed prediabetes and 15 healthy controls) with BMI 18.5-30 kg/m 2 according to WHO criteria [16] , were recruited in and around the St John's Medical College and Hospital in Bangalore, and through advertisements. The number of normal weight (BMI of 18.5-24.9 kg/m 2 ) with Prediabetes were, n = 8 and controls were, n = 10. The overweight (BMI of 25-29.9 kg/m 2 ) individuals with prediabetes were, n = 5 and controls, n = 5.
The American Diabetes Association Expert Committee criteria [17] based on two-sample OGTT, where plasma glucose (GOD POD method, Beckman Coulter AU480, Japan) and glycosylated hemoglobin (HPLC method, Bio-Rad, Model Variant Turbo II, India) values were used to diagnose prediabetes (dysglycemia was detected by either fasting blood sugar, 101-125 mg/dl, postprandial sugar, 141-199 mg/dl or HbA1c, 5.7-6.4%). If one of the above criteria was satisfied the subject was considered prediabetic. For the control group the following criteria was used: fasting blood sugar <101 mg/dl, postprandial sugar, <141 mg/dl and HbA1c, <5.7%. All subjects underwent serum lipid profiling, including serum cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL) and triglyceride estimations using a Chemiluminescence Immunoassay (Siemens, Model EXL with LM 1 & 2, Germany). Subjects with any chronic disease (i.e., hypertension, tuberculosis, cancer, chronic renal failure, and ischemic heart disease), anemia, peripheral neuropathy, muscular dystrophies, joint injuries, weight loss greater than 2 kg in the past 6 months were excluded from the study. Physical activity levels (PAL) were calculated based on a physical activity questionnaire [18] . Sample size was based on the previous results [19] , which compared IMCL fat content between non obese and obese Type 2 Diabetes, to detect a difference of 10% with a 80% power and a 5% level of significance, the number of subjects in each group was calculated to be n = 13. All protocols were approved by the Institutional Review Board, St John's National Academy of Health Sciences, Bangalore, India and written informed consent was obtained from all participants prior to the study.
Metabolic status
An oral glucose tolerance test was performed to derive indices of beta cell function and insulin sensitivity. The subjects were given 1 g/kg of glucose mixed in 300 ml of water, to drink. Venous blood samples were obtained at following time points: before the oral glucose ingestion at −10 and −5 min, and after, at 5, 10, 15, 20, 30, 45, 60, 90,120 min [20, 21] . Plasma glucose was estimated by the GOD-POD method (Beckman Coulter AU480, Japan) and plasma Insulin and C-peptide levels were measured by electrochemiluminescence (Elecsys 2010, Roche Diagnostics, Manheim, Germany). The intra-assay CV for insulin and C-peptide was 3% and 3.5,% respectively, while the inter-assay CV for insulin and C-peptide was 1.3% and 1.0 % respectively. The minimal model of C-peptide secretion and kinetics rates were used to derive insulin secretion rates, as described earlier [22] . Insulin resistance, secretion and beta cell function (HOMA-IR and HOMA-% B) were assessed by the homeostatic method using standard formulae for calculation [23] .
Body composition
All the subjects underwent anthropometric assessment. This included weight recorded in minimal clothing to the nearest 0.1 kg, using a digital scale (Salter digital scale, 9069 PK3R,Tonbridge, UK) and height to the nearest 0.1 cm, using a Stadiometer (Holtain, Crymych, UK). The waist and hip circumferences were measured using a standard nonstretchable tape measure, at the narrowest point between the iliac crest and ribcage (waist) and at the level of the greater trochanter (hip).
Body composition was assessed using DXA (Model DPXMD 7254, Lunar Corporation, Madison, WI). The mass of lean soft tissue, fat, and bone mineral for both the whole body and specific regions were measured. The central adiposity included fat (kg) trunk including android region. The trunk region included the neck, chest, abdominal and pelvic areas. Its upper perimeter was the inferior edge of the chin and the lower borders intersected the middle of the femoral necks without touching the brim of the pelvis. The android region was the area between the ribs and the pelvis, and was totally enclosed by the trunk region. Appendicular lean soft tissue (ALST) was equivalent to the sum of lean soft tissue in both the right and left arms and legs was also measured [24] . Appendicular lean muscle index (ALMI) was derived using the following equation ALMI = Skeletal muscle appendicular muscle mass/Ht 2 which has been described earlier [25] .
Muscle strength assessment
Skeletal muscle strength of the knee extensors (quadriceps) was assessed using Isokinetic dynamometry (Kin Com AP1, Chattanooga Group, Tennessee, USA). Subjects were tested for isometric and isokinetic knee extensor strength. The best of three maximal voluntary isometric contractions for knee extension with the knee extended 30 degrees from the 90 degree flexed position and dynamic (isokinetic) peak torque (60 degree/s) were used for analysis. Subjects were provided with a rest interval of 2-3 min between each contraction and 5 min rest between each velocity. Peak torque data derived was normalized to appendicular muscle mass of the respective limb (Nm/kg) [26] derived from the DXA scan.
Skeletal muscle biopsy and assessment of intramyocellular Lipid
A skeletal muscle biopsy was taken from the middle part of the vastus lateralis by an orthopedic surgeon. After local anesthesia (2% lignocaine hydrochloride-Neon Laboratories Limited, Andheri, Mumbai, India), a small incision was made through the skin and the fascia,~15 cm above the patella. A 5 mm Bergström needle (Dixon's Surgical Instruments Ltd., Wickford, UK) was inserted through the incision to a depth of about 2 cm under the fascia, and a muscle biopsy was obtained with addition of applied suction [27] . Muscle biopsies were rapidly trimmed of visible connective tissue and blotted free of blood. Small pieces of muscle were oriented to get transverse sections and were flash frozen in isopentane, precooled in liquid nitrogen. Ten micrometer cryosections were obtained at −20°C (Leica CM1520, Germany) and mounted on glass slides. The sections were air-dried for 15 min, rinsed in 60% absolute propylene glycol for 5 min, immersed in a double filtered working solution of Oil Red O for 10 min and differentiated in 85% propylene glycol for 1 min. After a brief wash in distilled water, the sections were air dried, mounted in pure glycerol and the edges sealed [28] . Histology images were digitally captured (Olympus CCD, Model DP26, and Tokyo, Japan). Five contiguous fields (40×) of view within the biopsy section that were free of artifacts were analyzed for lipid content. The images were analyzed using Tissue-Quant software (TissueQuant Version 1.0, Manipal, India), for color image segmentation and quantification of fat, as earlier described [29] . Images were also saved as gray-scale images for digitized data analyses, to quantify the IMCL (% area lipid). The IMCL (% area lipid) was calculated using average obtained from 5 images per subject. All images underwent double cross checking by two independent observers. Both observers were qualified to read the images. The images were randomly assigned to each observer to confirm that all oil droplets have been picked up by the image analysis software. The IMCL (% area lipid) was then calculated using by the following formula: Total area occupied by lipid droplets of muscle fiber × 100/Total cross-sectional area of a muscle fiber [30] .
As fiber type (differentiation of Type 1 from Type 2 fibers) distribution may be important in regard to IMCL content, ATPase histochemistry (pH 9.4) was performed on the same muscle biopsy tissue [31] . Fiber type distribution was obtained by counting cells in 5 fields of view which were selected randomly. The fiber type counting was double checked by qualified observers. Due to technical artifacts some samples (prediabetes group n = 3 and controls n = 1) fiber type composition could not be reliably determined.
Statistics
Data are presented as mean and standard deviation (SD) or Standard error (SE). Their normality was assessed and comparisons between prediabetes and controls performed using the Independent "t"-test or the Mann-Whitney U-test. Analysis of Co-variance (ANCOVA) was performed with age as a covariate. Pearson/Spearman's correlation was used to evaluate association between IMCL and various study parameters. The level of significance was set at P < 0.05. Table 1 represents the descriptive data of the two study groups. The prediabetes group was older than the controls (P < 0.01), but otherwise, the groups were comparable in terms of their level of physical activity, lipid profile (cholesterol, LDL, HDL, triglycerides) basal glucose, insulin and C-Peptide levels. Appendicular muscle mass, lean mass, percent body fat, central adiposity, waist hip ratio and the whole-body muscle to fat ratio were also comparable between the two study groups, even after controlling for age (Table 1) . Maximal isometric and isokinetic torque of the knee extensor muscle was similar between the prediabetes and control groups. After adjusting for age only maximal isometrc torque was significantly higher in the control group (P = 0.03). ALMI indices indicated similar values between the prediabetes and control groups (10.8 ± 0.6 vs. 10.6 ± 1.0). For the OGTT, peak plasma glucose was higher in participants with prediabetes (189.0 ± 41.4 mg/dl) compared to their healthy controls (156.5 ± 24.0 mg/dl, P < 0.01) whereas peak insulin values (159.4 ± 106.1 μU/ml in prediabetes vs. 190.8 ± 117.8 μU/ml in controls, P > 0.05) and peak C-peptide values (14.2 ± 4.3 ng/ml in prediabetes vs. 19.7 ± 19.0 ng/ml in controls, P > 0.05) were comparable between the two study groups. The HbA1c concentration was significantly higher in the prediabetes group. The HOMA-% B, HOMA-IR and peak insulin secretion rates derived using deconvolution methods were comparable between the two study groups ( Table 1) .
Results
Examination of fiber type distribution (average number of cells counted, 52.5 ± 7.9 cells) revealed that the fraction of type 1 fibers were similar between controls (42.6 ± 9.3%) compared to prediabetes (41.8 ± 9.2%).
An example of Oil Red O staining between an individual with prediabetes and a representative healthy control is represented in Fig. 1. Figure 2a represents the individual and average IMCL content (%). The average IMCL (%) was significantly higher in the prediabetes group compared to controls (7.0 ± 0.7% vs. 2.0 ± 0.3%, P < 0.001).
There was a positive correlation between IMCL (%) and age when all participants (controls and prediabetes) were included (Spearman's rank correlation coefficient, ρ = 0.5, P < 0.001). When examined separately within groups the prediabetes population did not demonstrate any correlation between age and IMCL (%) (Fig. 2b , both ρ < 0.1 and P = 0.98). It was observed that age had a non-linear association with IMCL in the control group alone (R 2 = 0.551, P = 0.005). The difference in IMCL between groups was adjusted for age in an analysis of covariance (with age as the covariate) was statistically significant at P < 0.001 (Adjusted marginal means of IMCL were 7.0% vs. 2.1% in prediabetic and control groups, respectively). However, age could not be identified as an effect modifier in the comparison between group and IMCL as the interaction of age and group was not statistically signficant.
There was a significant positive association between HbA1c and IMCL fat content (%) (partial correlation coefficient = 0.53, P = 0.005), after adjusting for age. HOMA-IR was associated positively and significantly associated with central adiposity ( Table 2) but not with IMCL fat content (%).
Discussion
The present study provides the first direct evidence of the presence of a greater intramyocellular fat content among a population of young Indians which contained both normal and overweight indivdiduals with prediabetes compared to healthy controls. This was despite having similar body composition characteristics and levels of physical activity.
The evaluation of the IMCL content involves digital capturing of images with either manual scoring [32] or software based quantitative image analysis [30, 33] yielding the percentage of the area occupied by the lipids. Using similar quantitive methods to that described [30, 33] , the data reported in the present study show values that are much higher than previously reported. For instance, the IMCL fat content (%), as measured here was more than two-fold higher than what has been previously observed in sedentary obese with type 2 diabetes from a North American population [30] and three-fold higher than in Type 2 Diabetes patients from a Euopean population [33] . Indeed, healthy Indian controls had an IMCL fat content (%) that was comparable to the overweight and Type 2 diabetes individuals as reported by Van Loon et al. [33] . These comparisons suggest that Indians have proportionately higher intramyocellular lipid content. The association of insulin resistance with adiposity in particular central adiposity has been well characterized [5] . Equally the ectopic fat association (for instance IMCL fat content) with insulin resistance has been characterized [34, 35] . The present data set demonstrated a strong association between insulin resistance and central adiposity. However, we did not find any association between IMCL fat content in the quadriceps muscle and insulin resistance. A lack of association between IMCL fat content and insulin resistance has also been reported earlier while comparing various ethnic groups (European Americans vs. African Americans) [36] , non-diabetic South Asian vs. Caucasian men [12] , as well as in one of the largest cross-sectional comparison studies using 1 H-magnetic resonance spectroscopy to determine the lipid content in the soleus and tibialis anterior muscles of caucasians [37] . The potential reasons for the lack of association between insulin sensitivity and IMCL content in the present study could be due to possible elevation of intramyocellular fatty acid metabolites such as diacyl-glycerol (DAG), fatty acyl coenzyme A and ceramides which could reduce the insulin-induced tyrosine phosphorylation of the insulin receptor and phosphatidylinositol 3-kinase activity [38] . The location of these metabolites (sarcolemma membrane, sarcoplasmic reticulum, lipid droplets, and mitochondrial membrane) and type of the DAG (1,3-DAG and 1,2-DAG) might play key role the regulation of the insulin sensitivity [39] . Intramuscular lipid could also be compartmentalized differently, for instance IMCL accumulation in the skeletal muscle could show a storage pattern which is characterized by lipid in droplets adjacent to the mitochondria, presumably providing with an enhanced ability to utilize the lipid as substrate as seen studies on trained atheletes [40] . On other hand IMCL could be more subsarcolemmal [41] . Whether different compartmentalization of lipids could explain the observed lack of relationship between IMCL and insulin sensitivity remains to be determined. The DAG stereoisomers, 1,3-DAG and 1,2-DAG, are suggested to influence muscle insulin resistance in different degrees [42] . Only 1,2-DAG has been associated with insulin signaling and and not 1,3-DAG [43] . With a majority of studies only examining whole-muscle DAG concentration, further research is needed in regard to understansing any relationships between insulin resistance and IMCL. Finally, the role of periliphin 5 (PLIN5 is a lipid droplet coat protein with a putative role in liberating fatty acids for oxidative degradation in mitochondria) needs to be considered [44] . PLIN5 is considered to fine tune lipid oxidation to the metabolic demand and considered to protect against lipotoxicity in skeletal muscle [45] . Recent evidence has emerged that PLIN5-coated lipid droplets are positively associated with oxidative capacity, but not with insulin sensitivity [45] . This suggests that future studies should also include analysis of PLIN5 in investigations into the regulation of insulin sensitivity in Indians.
IMCL accumulation has been associated with increasing age [46] . However, it remains to be determined to what extent perturbations in IMCL metabolism are primarly related to the ageing process per se or secondarily to agerelated changes in lifestyle. Chee et al. [47] demonstrated that by matching young and older volunteers for body composition and self-reported habitual physical activity levels, older individuals displayed comparable IMCL content to their younger counterparts. However, age related blunting of free fatty acid oxidation and increased IMCL accumulation as a result of reduced muscle mitochondrial content and oxidative capacity, coupled to decreased levels of physical activity could explain partly the age related accumulation of IMCL [47, 48] . In the present study there was an association between age and IMCL content (%) when all participants were considered. However, separating into the two groups, a significant association was only observed in the control group. Further analysis also indicated that age could not be identified as an effect modifier in the comparison between study groups and IMCL content (%). At this stage, with the present study small numbers, it can only be speculative to suggest that alterations in IMCL kinetics especially among the prediabetes population might be overlaid on the ageing effect.
There was a strong association between HbA1c and IMCL content (%), which could be only speculated as being a reflection of poor glycemic status at this stage. The lack of association might be simply due to the technique adapted to assess insulin sensitivity in the present study like HOMA than euglycemic hyperinsulinemic clamp.
A study spanning Europeans and African-Caribbeans found that waist circumference had the highest impact among several metabolic measures on glucose tolerance [49] . The subcutaneous abdominal fat was strongly and independently correlated to insulin sensitivity [50] . Therefore, while mounting evidence links central adiposity to insulin resistance and the metabolic syndrome trait, it is uncertain whether this relationship is predominantly driven by central or subcutaneous adipose tissue or a combination of the two. The concept of lipodystrophy needs to be further explored among Indians in whom there could be impaired ability to store subcutaneous fat, and consequently with even modest weight gain, the ability to accumulate fat in visceral tissues might be greater (for example, in the muscle or liver). This in turn could lead into marked insulin resistance. This emphasizes the potential role of ectopic fat in the pathophysiology of Type 2 diabetes among Indians especially among normal to overweight individuals.
Of the limited literature available related to fat and Type 2 diabetes among Indians, the only reported study is from a North Indian population, in whom IMCL content in Type 2 diabetes was assessed using 1 H magnetic resonance spectroscopy (MRS) of the soleus muscle, and was found to be higher compared to healthy controls [15] . This is in line with the data from the present study among the young prediabetes.
The oxidative skeletal muscle fiber type 1, displays a greater IMCL content than fiber type 2 [32] . To eliminate the role of fiber type contribution towards the IMCL we also performed ATP ase staining to differentiate the fiber types. There was no difference in % Type 1 and 2 fibers between the groups, but interestingly the data in both groups towards a faster, less oxidative phenotype as evidenced by the greater proportion of type 2 fibers. Whilst variability exists between individuals, the vastus lateralis is usually consider a mixed (~50:50) muscle. Furthermore, as all the participants from the present study were either sedentary or only moderately active, it is unlikely that IMCL content to be higher due to their physical activity status [33] .
One of the limitations of the present study was the age difference between the prediabetes and control study group. It would have been ideal to match the prediabetes to their age matched controls. However, recruiting healthy middle aged volunteers was challenging, particularly for consenting to the muscle biopsy.
In summary, the present study provides evidence of the existence of markedly higher levels of intramyocellular lipid among Indians with prediabetes compared to healthy controls. Further studies are required to evaluate the mechanisms and reversibility of IMCL with lifestyle intervention programs like the exercise and diet.
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